INTRODUCTION
============

The incidence of chronic subdural hematoma (CSDH) is increasing in the general population, particularly among elderly individuals \[[@r1]\]. It is approximately 1--13/100,000 in the general population \[[@r2]\] and 129.5/100,000 among individuals 80 years of age and older \[[@r3]\]. Given that the number of individuals over 65 years of age will more than triple by 2030, CSDH is projected to become the most common cranial neurosurgical condition in the United States \[[@r4]\]. Although most CSDH patients achieve satisfactory outcomes following surgery, the rate of recurrence ranges from 2.5--33% \[[@r5]\]. Additionally, long-term outcomes among elderly patients are poor (mortality rates of 26.3% and 32% at 6 months and 1 year post-surgery, respectively) \[[@r6]\]. The major causes of death are disturbance of consciousness at onset and pneumonia \[[@r7]\].

Dexamethasone, atorvastatin, tranexamic acid, angiotensin-converting enzyme inhibitors, and other locally acting drugs have been investigated for the treatment of CSDH \[[@r8]\]. Atorvastatin is the only drug that is supported by class I evidence. However, a previous study showed that 11.2% of patients treated with atorvastatin had no response to the therapy and required surgical intervention. Additionally, therapeutic efficacy was frequently not achieved for 4 weeks or longer \[[@r2]\]. Thus, an understanding of the pathophysiologic mechanisms underlying CSDH is important in order to develop more effective, non-surgical treatments for the condition \[[@r9]\].

Angiogenesis and a chronic inflammatory reaction may play a role in CSDH formation and enlargement \[[@r10]\]. The outer subdural membrane of the hematoma contains immature blood vessels that are highly permeable and contain many small vesicles \[[@r11]\]. Inflammatory cells including neutrophils, lymphocytes, monocytes, and eosinophils have also been observed on the outer membrane \[[@r12]\]. Inflammatory and pro-angiogenic cytokines including TNF-a, IL-6, IL-8, VEGF, MMP-2, and MMP-9 are present at high concentrations in hematomas and have been correlated with recurrence \[[@r10], [@r13]\]. The high concentrations of soluble cytokines in CSDH fluid are thought to originate from the outer subdural membrane \[[@r14], [@r15]\]. However, it is not clear how the expression of these cytokines is regulated.

Exosomes are endosome-derived, membrane-bound vesicles with diameters of approximately 30--150 nm \[[@r16]\]. They are found in serum, urine, cerebrospinal, and other bodily fluids where they regulate intercellular communication \[[@r17]\]. MicroRNAs (miRNAs) regulate gene expression at the post-transcriptional level and are involved in processes such as cell proliferation and migration, stem cell differentiation, inflammation, and apoptosis \[[@r18]\]. Exosomes can transfer miRNAs to endothelial cells to promote vascular permeability and angiogenesis \[[@r19], [@r20]\]. Additionally, the levels of exosomal miRNAs and proteins may function as biomarkers for diagnosis and treatment response in various neurological disorders including traumatic brain injury, stroke, and neurodegenerative diseases \[[@r21]--[@r23]\].

Hematoma fluid primarily originates from blood \[[@r24]\]. In this study, we investigated whether exosomes are present in hematoma fluid and play a role in the pathogenesis of CSDH. We examined the effects of hematoma-derived exosomes on angiogenesis and vascular permeability in human umbilical vein endothelial cells (HUVECs) *in vitro*. Additionally, we evaluated the effects of the exosomes on angiogenesis, hematoma absorption, and cognitive function in a rat model of acute subdural hematoma (SDH) *in vivo*. Finally, miRNA sequencing and up-regulation of mir-144-5p was performed to study the underlying mechanisms.

RESULTS
=======

Identification of hematoma-derived exosomes
-------------------------------------------

We isolated and characterized exosomes derived from hematomas from CSDH patients. NanoSight particle tracking analysis was performed to evaluate exosome size and particle number ([Figure 1A](#f1){ref-type="fig"}). The diameters of the exosomes ranged from 30--150 nm (peak at 74 nm) ([Figure 1B](#f1){ref-type="fig"}). Exosomes expressed typical exosomal markers including CD9, CD63, and TSG101 ([Figure 1C](#f1){ref-type="fig"}). Finally, exosome morphology was evaluated using transmission electron microscopy (TEM) ([Figure 1D](#f1){ref-type="fig"}).

![**Isolation and characterization of hematoma-derived exosomes.** (**A**) Representative images from NanoSight particle tracking analysis. (**B**) Size distribution of hematoma-derived exosomes. (**C**) Expression of CD9, CD63, and TSG101 in hematoma-derived exosomes. (**D**) Representative TEM image of exosomes. Scale bar: 100 nm.](aging-11-102550-g001){#f1}

Hematoma-derived exosomes inhibit hematoma absorption and exacerbate neurological deficits *in vivo*
----------------------------------------------------------------------------------------------------

We evaluated the effects of hematoma-derived exosomes on hematoma absorption and neurological function in a rat model of acute SDH. Magnetic resonance imaging (MRI) was performed to assess hematoma volume at baseline and at 7, 14, and 21 days after injection of the exosomes ([Figure 2A](#f2){ref-type="fig"}). No differences in hematoma volume were observed among rats treated with hematoma-derived exosomes (EX-Hematoma group) compared to controls (PBS group) at baseline ([Figure 2B](#f2){ref-type="fig"}). However, higher hematoma volumes were observed in the EX-Hematoma group compared to controls 7 and 14 days after injection ([Figure 2B](#f2){ref-type="fig"}). We evaluated neurological deficits using the Modified Neurological Severity Score (mNSS). The mNSS scores were higher in SDH rats compared to controls (sham), consistent with previous studies \[[@r25]\]. We found that the mNSS scores were higher in the EX-Hematoma group compared to controls 14 and 21 days after injection ([Figure 2C](#f2){ref-type="fig"}).

![**The effects of hematoma-derived exosomes on hematoma absorption and neurological function.** (**A**) Representative MR images of SDH rats at baseline, and 7 and 14 days after injection. (**B**) Quantification of hematoma volume. No differences in hematoma volume were observed at baseline, while the EX-Hematoma group had higher hematoma volumes on days 7 and 14 compared to the PBS control group. (**C**) The EX-Hematoma group had higher mNSS on days 14 and 21. Values are shown as the mean ± SEM, Two-way ANOVA, \*p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001.](aging-11-102550-g002){#f2}

Hematoma-derived exosomes prompts abnormal angiogenesis with increased vascular permeability *in vitro*
-------------------------------------------------------------------------------------------------------

Angiogenesis plays an important role in the pathogenesis of SDH \[[@r25]\]. We therefore investigated the effects of hematoma-derived exosomes on angiogenesis in HUVECs using *in vitro* tube formation assays. We observed an increase in branches and tubes in HUVECs treated with hematoma-derived exosomes (EX-Hematoma group) compared to those treated with serum-derived exosomes (EX-serum group) and those treated with PBS (control group) ([Figure 3A](#f3){ref-type="fig"}--[3C](#f3){ref-type="fig"}). We also investigated the effects of the exosomes on the permeability of HUVEC monolayers *in vitro*. The intensity of the FITC-Dextran was higher in the EX-Hematoma compared to EX-Serum group, indicating hematoma-derived exosomes increased vascular permeability ([Figure 3D](#f3){ref-type="fig"}).

![**The effects of hematoma-derived exosomes on tube formation and vascular permeability in HUVECs.** (**A**) Representative images of tube formation. (**B**, **C**) Quantification of branch and tube formation. (**D**) Permeability of HUVEC monolayers to FITC-Dextran. The FITC-Dextran intensity was higher in the EX-Hematoma compared to the EX-Serum group. \* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001, \# p \< 0.05.](aging-11-102550-g003){#f3}

We next investigated the effects of the exosomes on the expression of angiogenesis-related cytokines. Hematoma-derived exosomes were co-cultured with HUVECs for 24 hrs and the expression of angiogenesis-related cytokines was quantified using cytokine arrays. ANG-2, EGF, Endoglin, and CXCL4 expression were higher in HUVECs treated with hematoma-derived exosomes (EX-Hematoma group) compared to those treated with serum-derived exosomes (EX-Serum group) ([Figure 4B](#f4){ref-type="fig"}). Interestingly, ANG-2 mRNA expression was higher while ANG-1 expression was lower in the EX-Hematoma compared to EX-Serum group ([Figure 4C](#f4){ref-type="fig"} and [4D](#f4){ref-type="fig"}). However, no differences in Tie-2 (angiopoietin receptor) mRNA expression were observed between groups ([Figure 4E](#f4){ref-type="fig"}).

![**The effects of hematoma-derived exosomes on angiogenic cytokine expression.** (**A**) Representative images of the cytokine array. (**B**) Quantification of cytokine expression. ANG-2, EGF, Endoglin, and CXCL4 expression were higher in the EX-Hematoma compared to the EX-Serum group. (**C**--**E**) RT-PCR analysis of ANG-1, ANG-2, and Tie-2 mRNA expression following co-culture with exosomes. ANG-2 mRNA expression was higher, while ANG-1 expression was lower in the EX-Hematoma compared to the EX-Serum group. \* p \< 0.05, \*\*\* p \< 0.001.](aging-11-102550-g004){#f4}

ANG-1 and ANG-2 expression in hematomas and serum of CSDH patients
------------------------------------------------------------------

The ANG-1/ANG-2 mRNA expression was previously demonstrated to be lower in the neo-membranes of CSDH compared to the dura (0.48 vs. 1.9, respectively) \[[@r15]\]. We investigated the concentrations of ANG-1 and ANG-2 in hematoma and serum samples from CSDH and healthy control patients. No differences in clinical parameters including age, gender, and laboratory values (e.g. routine blood, liver function, and renal function tests) were observed between groups ([Supplementary Table 2](#SD2){ref-type="supplementary-material"}). The concentrations of ANG-1 and ANG-2 were comparable in serum samples from CDSH and healthy controls. However, the concentration of ANG-1 was lower, while the concentration of ANG-2 was higher in hematoma compared to serum samples from CDSH patients ([Figure 5A](#f5){ref-type="fig"}, [5B](#f5){ref-type="fig"}).

![**Analysis of ANG-1 and ANG-2 concentrations in serum from CSDH patients, serum from healthy controls, or hematoma supernatants.** (**A**) No differences in the serum ANG-1 concentration were observed between CSDH patients and healthy controls. The ANG-1 concentration was lower in hematoma supernatants compared to the concentration in serum. (**B**) No differences in the ANG-2 concentration were observed in serum from CSDH patients and healthy controls. The ANG-1 concentration was higher in hematoma supernatants compared to in serum. Data are presented as the mean ± SEM. \*\*\*\* p \< 0.0001, \#\#\#\# p \< 0.0001.](aging-11-102550-g005){#f5}

Hematoma-derived exosomes deliver miR-144-5p to HUVECs
------------------------------------------------------

We investigated whether HUVECs could internalize hematoma-derived exosomes. Purified hematoma-derived exosomes co-localized with HUVECs following co-culture, suggesting that exosomes could be taken up by HUVECs ([Figure 6A](#f6){ref-type="fig"}). Given that miRNAs are abundant in exosomes \[[@r26]\], we hypothesized that exosome-derived miRNAs could regulate gene expression in HUVECs. We therefore performed miRNA sequencing to evaluate differences in miRNAs content between hematoma- and serum-derived exosomes. The sequencing data were shown in [Supplementary Tables 3](#SD3){ref-type="supplementary-material"} and [4](#SD4){ref-type="supplementary-material"}. The miRNA expression patterns were similar among all types of exosomes ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Alterations in seven miRNAs were observed in hematoma- compared to serum-derived exosomes. Five miRNAs were upregulated while two were downregulated (two-fold change, adjusted P \< 0.05) ([Figure 6B](#f6){ref-type="fig"}). Of these miRNAs, miR-144-5p exhibited the largest difference in expression. We confirmed that miR-144-5p expression was higher in hematoma- compared to serum-derived exosomes by RT-PCR ([Figure 6D](#f6){ref-type="fig"}). Thus, uptake of exosomes by HUVECs results in an increase in miR-144-5p expression ([Figure 6E](#f6){ref-type="fig"}).

![**Hematoma-derived exosomes are enriched with miR-144-5p, which they can transfer to HUVECs.** (**A**) PKH26-stained hematoma-derived exosomes (red) were internalized by HUVECs (green; scale bar: 50 μm). (**B**) Heat map showing hierarchical clustering of altered miRNAs. Values represent the log2 (fold change) in miRNA expression relative to the expression in serum-derived exosomes from healthy controls. (**C**) Network of miR-144-5p. (**D**) RT-PCR confirming expression of miR-144-5p in hematoma-derived exosomes. (**E**) Quantitative analysis of miR-144-5p in HUVECs following co-culture with exosomes. MiR-144-5p expression was higher in the EX-Hematoma compared to EX-Serum group. \* p \< 0.05, \# p \< 0.05, \*\*\* p \< 0.001, \#\#\# p \< 0.001.](aging-11-102550-g006){#f6}

MiR-144-5p overexpression promotes angiogenesis and reduces hematoma absorption *in vitro* and *in vivo*
--------------------------------------------------------------------------------------------------------

We overexpressed miR-144-5p in HUVECs [Supplementary Figure 2](#SD1){ref-type="supplementary-material"} and analyzed the effects on angiogenesis *in vitro*. Transfection of HUVECs with miR-144-5p resulted in an increase in tube number, branch formation, and tube length ([Figure 7A](#f7){ref-type="fig"}--[7D](#f7){ref-type="fig"}). Additionally, miR-144-5p over-expression resulted in increased permeability of HUVEC monolayers to FITC-Dextran ([Figure 7E](#f7){ref-type="fig"}). Western blot analysis revealed that miR-144-5p over-expression resulted in increased ANG-2 and decreased ANG-1 expression in HUVECs ([Figure 7F](#f7){ref-type="fig"}--[7H](#f7){ref-type="fig"}). Finally, we investigated the effects of miR-144-5p over-expression in SHD rats. Over-expression resulted in an increase in miR-144-5p on hematoma membranes ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}) and reduced hematoma absorption ([Figure 8A](#f8){ref-type="fig"}, [8B](#f8){ref-type="fig"}). Increased ANG-2 and decreased ANG-1 were observed 7 days after induction were observed 7 days after induction, consistent with the results of the *in vitro* studies ([Figure 8C](#f8){ref-type="fig"}--[8E](#f8){ref-type="fig"}).

![**Over-expression of miR-144-5p promoted tube formation, increased cell permeability, increased ANG-2 expression, and decreased ANG-1 expression in HUVECs.** (**A**) Representative images of tube formation. (**B**--**D**) Quantification of branches, tubes, and tube length. (**E**) Effects of miR-144-5p over-expression on the permeability of HUVEC monolayers to FITC-Dextran. (**F**) Representative images of western blots showing ANG-1 and ANG-2 expression. (**G**--**H**) Quantification of ANG-1 and ANG-2 expression.\* p \< 0.05, \*\* p \< 0.01, \# p \< 0.05.](aging-11-102550-g007){#f7}

![**Over-expression of miR-144-5p results in decreased hematoma absorption, increased ANG-2 expression, and decreased ANG-1 expression in SDH rats.** (**A**) Representative MR images of SDH rats at baseline and day 7. (**B**) Quantification of the percentage of hematoma absorption at baseline compared to day 7. Decreased hematoma absorption on day 7 was observed in the SDH + miRNA mimic group compared to the saline and negative control (NC) groups. (**C**) Representative images of western blots demonstrating differences in ANG-1 and ANG-2 expression. (**D,** **E**) Quantification of ANG-1 and ANG-2 expression. \*\* p \< 0.01, \*\*\*p \< 0.001, \#\# p \< 0.01, \#\#\# p \< 0.001.](aging-11-102550-g008){#f8}

DISCUSSION
==========

CSDH is a cerebrovascular disease mediated by chronic inflammation and angiogenesis \[[@r27]\]. Numerous newly formed capillaries with enlarged blood vessels and a lack of a basement membrane have been observed in the outer membrane of the hematoma. The newly formed capillaries tear easily and are highly permeable, which can result in re-bleeding and exudation \[[@r28]\]. Hemorrhage accounts for 0.2--28.6% of hematoma content, suggesting that continuous or intermittent hemorrhage may play an important role in CDSH formation and progression \[[@r29]\].

We found that exosomes can promote angiogenesis with an increased cell permeability and expression of ANG-2, which indicated the newly formed capillaries were immature. Additionally, we showed that hematoma-derived exosomes reduced hematoma absorption, which could be a consequence of exosome-induced abnormal angiogenesis. Previous proteomic analysis demonstrated highly similar expression patterns in CSDH fluid and serum \[[@r24]\]. We found that miRNA expression was similar in hematoma- compared to serum-derived exosomes. However, higher miR-144-5p expression was observed in hematoma-derived exosomes compared to serum-derived exosomes. Several studies have shown that miR-144-5p is a prognostic biomarker in esophageal \[[@r30]\], gastric \[[@r31]\], and breast cancer \[[@r32]\]. High miR-144-5p expression in chronic periodontitis was negatively correlated with COX2 and IL17F expression, suggesting that miR-144-5p could play a role in chronic inflammation \[[@r33]\]. Finally, miR-144-5p was shown to inhibit SDC3 expression \[[@r34]\], which could suppress angiogenesis by inhibiting endothelial cell migration and tube formation \[[@r35]\]. We found that co-culture of HUVECs with hematoma-derived exosomes resulted in an increase in miR-144-5p in HUVECs and promoted angiogenesis and cell permeability by altering ANG-1 and ANG-2 expression. Thus, targeting miR-144-5p may be a potential therapeutic strategy for CSDH.

ANG-1 and ANG-2 have important roles in angiogenesis. ANG-1 regulates blood vessel maturation and endothelial cell adhesion and migration. Mice that overexpress Ang1 in the skin have larger and more highly branched vessels that are resistant to leakage induced by inflammatory stimuli \[[@r36], [@r37]\]. ANG-2 is primarily secreted by endothelial cells at sites of active vascular remodeling where it promotes dissociation of pericytes from pre-existing vessels and increases vascular permeability \[[@r38]\]. ANG-1 expression is higher in mature vascular beds compared to ANG-2, which promotes blood vessel maturation, microvascular network stabilization, and reduced vascular permeability. Our data indicate that ANG-2 expression in higher while ANG-1 expression is lower in hematomas compared to serum. Since we observed no differences in the ANG-1 and ANG-2 concentrations in serum from CSDH patients compared to healthy controls, we hypothesize that the higher concentrations of ANG-2 result from local synthesis rather than migration from the peripheral blood.

In summary, we have demonstrated that exosomes are present in the hematomas of CSDH patients. Hematoma-derived exosomes are enriched with miR-144-5p, which they deliver to HUVECs resulting in increased abnormal angiogenesis and vascular permeability, and decreased hematoma absorption. Thus, angiogenesis and blood vessel maturation should be considered when attempting to treat CSDH non-surgically. Hematoma-derived exosomes and miR-144-5p are potential therapeutic targets in CSDH.

METHODS
=======

Hematoma and serum sample collection
------------------------------------

Twenty CSDH and 10 matched healthy control patients were enrolled in the study between 2016 and 2017. All patients provided written informed consent. Peripheral blood samples were collected upon admission to the Neurosurgical Department of Tianjin Medical University General Hospital. Hematoma samples were collected from patients who underwent burr hole craniotomy. Blood and hematoma samples were centrifuged at 2000 × g for 20 min at 4°C. Serum and hematoma supernatants were then aliquoted and stored at −80°C until use.

Exosome isolation and characterization
--------------------------------------

Exosomes derived from serum or hematomas were extracted by differential ultracentrifugation as described \[[@r39]\]. Debris was removed by centrifugation at 2000 x g for 20 min at 4°C. The samples were then centrifuged at 10,000 x g for 30 min at 4°C. The supernatants were collected and the samples centrifuged at 100,000 x g for 2 hrs. The resulting pellets were resuspended in PBS, passed through a 0.22 μm filter, and then centrifuged at 100,000 x g for 70 min. Finally, the precipitates were resuspended in either PBS for NanoSight particle tracking analysis, Trizol for RNA extraction, or radioimmunoprecipitation assay (RIPA) buffer for western blotting.

NanoSight particle tracking analysis
------------------------------------

Exosomes (1 × 10^7^ / mL to 1 × 10^9^ / mL) were visualized using a NanoSight NS300 equipped with a 405 nm laser (Malvern, Great Malvern, UK). Exome size and number of particles were assessed. Videos (60 s duration, 30 frames / sec) were recorded and particle movement analyzed using the NTA software (NanoSight version 2.3).

Western blotting
----------------

Hematoma samples were ultracentrifuged and the precipitates lysed on ice in ice-cold RIPA buffer for 15 min. Lysates were then centrifuged at 13,000 x g for 10 min. Exosome concentrations were estimated using bicinchoninic acid (BCA) assays (BCA1-1KT, Sigma Aldrich, USA). The expression of exosome markers on hematoma-derived vesicles was evaluated using the following antibodies: mouse anti-CD63 (ab59479, Abcam, Cambridge, UK, 1:500 dilution), mouse anti-TSG101 (ab125011, Cambridge, UK, Abcam, 1:500), and mouse anti-CD9 (ab92726, Cambridge, UK, Abcam, 1:500). The concentrations of ANG-1 and ANG-2 in HUVECs were evaluated by western blotting using rabbit anti-ANG-1 (ab8451, Abcam, Cambridge, UK, 1:500), rabbit anti-ANG-2 (ab8452, Abcam, Cambridge, UK, 1:500) antibodies, and rabbit anti-GAPDH as a loading control (ab181602, Abcam, Cambridge, UK, 1:500).

TEM
---

Exosomes were fixed in 2% paraformaldehyde and adsorbed onto formvar/carbon-coated 200-mesh nickel grids (Electron Microscopy Sciences) for 15 min. The grids were then washed with PBS, fixed in 2.5% glutaraldehyde for 5 min, and rinsed with milliQ water. Finally, the grids were negatively stained with 2% uranyl acetate for 1 min and then washed and air-dried overnight. Images were acquired on a Zeiss EM900 microscope (Carl Zeiss Microscopy GmbH) equipped with a wide-angle, dual-speed 2K-CCD camera at 80 kV.

MiRNA sequencing
----------------

Exosomes were resuspended in 500 uL of Trizol (Invitrogen, USA) for high-throughput miRNA sequencing (Cloud-Seq Biotech, Shanghai, China). Briefly, total RNA was extracted and the A260/A280 ratio measured using a NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). All samples had an A260/A280 ratio \> 1.8. The miRNA sequencing library was established and the quality assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The library was denatured and the single-stranded DNA molecules captured on Illumina flow cells. DNA was then amplified *in situ* as clusters and amplified for 50 cycles on an Illumina HiSeq sequencer according to the manufacturer\'s instructions. All results were confirmed by RT-PCR.

HUVEC and exosome co-culture
----------------------------

HUVECs (ATCC, USA) were cultured in Endothelial Growth Medium-2 (EGM-2, Lonza, USA) supplemented with 10% exosome-depleted Fetal Bovine Serum (Gibco, Cat. A2720801, USA). The media was replaced every 2 days. Exosomes isolated from either 1 mL serum or hematoma supernatants were ultracentrifuged, passed through a 0.22 μm filter, dissolved in 1 mL culture medium, and then incubated with HUVECs for 24 hrs at 37°C in a 5% CO~2~ incubator.

RT-PCR
------

HUVECs or exosomes were lysed in Trizol (Invitrogen, USA) and the resulting lysates mixed with chloroform and centrifuged at 13,000 x g for 15 min at 4°C. The aqueous phase (top layer) was collected and mixed with isopropanol to precipitate total RNA. The cDNA was synthesized with 1 μg of total RNA using the SuperScript™ IV VILO™ Master Mix kit according to the manufacturer's protocol (Thermo Fisher Scientific, Cat. 11756500). Real-time PCR was performed with the PowerUp™ SYBR™ Green kit (Thermo Fisher Scientific, Cat. A25742) according to the manufacturer\'s instructions. RNA expression was normalized to GAPDH. Relative gene expression was analyzed using the 2ΔΔ-Ct method. All primers are shown in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}.

Cytokine arrays
---------------

The expression of angiogenic cytokines in cell lysates was evaluated using a high-throughput Human Angiogenesis Array Kit (ARY007, R&D Systems, Minneapolis, MN, USA). Cell lysates were collected following co-culture with either exosomes or PBS for 24 hrs. Protein concentrations were estimated using the BCA method (Solaribo). A total of 200 μg protein was mixed with the biotinylated antibodies and incubated with the membrane overnight on a shaker at 4°C. The next day, the membrane was washed with 1x wash buffer for 10 min and then incubated with Streptavidin-HRP for 30 min. Following the incubation, the membrane was washed three times and developed using the ECL Reagent (Millipore, Billerica, MA, USA). Pixel density was quantified using the Quantity One software (Bio-Rad Version 4.6.2).

ELISA
-----

ANG-1 and ANG-2 concentrations in serum and hematoma samples were measured using an ELISA kit (R&D Systems) according to the manufacturer's protocol.

Immunocytochemistry
-------------------

Purified exosomes were labeled with the PKH26 using the PKH26 Red Fluorescent Labeling Kit (Sigma-Aldrich, Cat. MIDI26, USA) according to the manufacturer's protocol. PKH26-labeled exosomes were co-cultured with HUVECs at 37°C for 24 hrs. The cells were then stained with PKH67 (Sigma-Aldrich, Cat. MIDI67, USA) and DAPI (GeneCopoeia, Rockville, MD, USA). Imaging was performed using an Olympus IX71 microscope.

*In vitro* tube formation assays
--------------------------------

Matrigel (Sigma-Aldrich, USA) was thawed overnight at 4°C prior to use in all assays. A total of 50 μL of chilled Matrigel was added to each well of an ice-cold 96-well plate. The plates were then incubated for 60 min at 37°C to allow the Matrigel to solidify. Following gel formation, 10^4^ HUVECs were dissolved in 100 μL EGM-2 medium, seeded into each well, and then incubated for 6 hrs. Tube formation was analyzed using an IX81 inverted phase-contrast microscope (Olympus).

*In vitro* vascular permeability assays
---------------------------------------

CultreCoat® 96 Well *In Vitro* Vascular Permeability Assays (Trevigen, Cat. 3475-096-K) were performed according to the manufacturer's instructions. The collagen I-coated upper chambers were rehydrated with 50 μL of complete culture medium for 2 hrs at 37°C in a CO~2~ incubator. Following the incubation, 10^5^ cells were resuspended in complete culture medium, seeded into the upper chambers, and incubated for 72 hrs at 37°C. A total of 50 μL of FITC-Dextran was then added to the top chambers and the cells incubated for 5 min. Finally, the top chamber was removed and the absorbance of FITC-Dextran (485 nm excitation, 520 nm emission) measured.

Rat model of acute SDH
----------------------

The acute SDH rat model was established as described previously \[[@r40]\]. Briefly, rats were anesthetized with 10% chloral hydrate and then positioned in a stereotaxic frame (Stoelting, Wood Dale, IL). A small burr hole (0.9 mm diameter) was made using a sphenoid drill and the dura of the rat scuffed with a small hooked needle (0.3 mm diameter) under a microscope. A total of 300 μL autologous venous blood was collected from the angular vein, mixed with 100 μg of exosomes, and dissolved in 100 μL sterile PBS. The mixture was then injected into the subdural space at a rate of 50 μL/min using a 20-gauge Venflon catheter (BD Venflon, Helsingborg, Sweden).

MRI
---

MRI was performed within 2 hrs of SDH induction to confirm the model was established successfully and measure lesion volume. Rats were fixed on the coil (3 T, CG-MUC19-H300-AG, Shanghai Chengguang Technology Co. Ltd.) and positioned in the MRI (GE3.0 T). Initial coronal T2-weighted images along the coronal view of the head were acquired without contrast injection. The slice thickness was 1 mm. SDH rats were either included or excluded from further analysis based on the initial set of MR images. Excluded rats demonstrated induction failure, cortex contusion or laceration, or severe edema surrounding the hematoma. All rats included in further analyses demonstrated hypointense hematomas and areas of cortical ischemia.

Analysis of cognitive deficits using mNSS
-----------------------------------------

Cognitive deficits were analyzed using the mNSS as described previously \[[@r41]\]. Tests were performed by two observers who were both blinded to the experiment 1, 3, 7, 14, and 21 days after establishment of the SDH model.

Overexpression of miR-144-5p
----------------------------

MiR-144-5p overexpression was induced by transfecting miR-144-5p mimics (sense: 5′-GGAUAUCAUCAUAUACUGUAAG-3′; antisense: 5′-UACAGUAUAUGAUGAUAUCCUU-3′) with the siRNA Mate Kit (GenePharma, Cat. G04003, China). The following siRNA (sense: 5′-UUCUCCGAACGUGUCACGUTT-3′, antisense: 5′-ACGUGACACGUUCGGAGAATT-3′) was used as a negative control. Cells and hematoma membranes were harvested after 48 hrs. MiR-144-5p overexpression was confirmed by RT-PCR.

Statistical analysis
--------------------

All data were analyzed using SPSS V21.0. One-way analysis of variance (ANOVA) with least significant difference post hoc or unpaired T tests were used for all analyses. All values are expressed as the mean ± standard error of the mean (SEM). A p \< 0.05 was considered statistically significant.

Limitations
-----------

How the exosomes in the hematoma were generated were not studied in this study, which should be investigated in the further research.
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